It has become apparent that chromatin modification plays a critical role in the regulation of cell-type-specific gene expression. Here, we show that an inhibitor of histone deacetylase, valproic acid (VPA), induced neuronal differentiation of adult hippocampal neural progenitors. In addition, VPA inhibited astrocyte and oligodendrocyte differentiation, even in conditions that favored lineagespecific differentiation. Among the VPA-up-regulated, neuronspecific genes, a neurogenic basic helix-loop-helix transcription factor, NeuroD, was identified. Overexpression of NeuroD resulted in the induction and suppression of neuronal and glial differentiation, respectively. These results suggest that VPA promotes neuronal fate and inhibits glial fate simultaneously through the induction of neurogenic transcription factors including NeuroD.
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cell fate specification ͉ chromatin ͉ neural stem cell ͉ valproic acid M ultipotent neural progenitor cells can differentiate into neurons and glial cells (e.g., astrocytes and oligodendrocytes) in the mammalian CNS, but the molecular mechanisms that control their fate specification are not yet fully understood. It is becoming increasingly apparent that chromatin accessibility plays a key role in the transcriptional regulation of cell-typespecific gene expression. In eukaryotic cells, DNA is wrapped around core histones and forms nucleosomes that fold into higher-order chromatin structure (1) . Modification of histone N-terminal tails through acetylation or deacetylation can alter the interaction between histones and DNA, serving as a mechanism to regulate gene expression (2) (3) (4) (5) . Histone acetylation has been established to correlate with gene activation (5) . Transcriptional coactivators, such as CREB (cAMP-responsive element-binding protein)-binding protein͞p300 and its associated factor, PCAF, have been shown to possess histone acetyltransferase activity (6) . Conversely, gene repression is associated with histone deacetylation and transcriptional repressors, such as the nuclear receptor corepressor N-CoR and neuron-restrictive silencer factor͞repressor element-1 silencing transcription factor (NRSF͞REST), are found in complexes with histone deacetylases (HDACs) (7) (8) (9) .
Although recent work suggests that HDAC recruitment at target promoters is important for lineage specification in a variety of nonneural cell types (10, 11) , there is little understanding of the control of chromatin modification and histone acetylation at a global level in a multipotent neural progenitor cell. The identification of compounds that inhibit HDACs has provided useful tools for studying the connection between global chromatin effects and cell lineage specification.
Valproic acid (VPA; 2-propylpentanoic acid) is an established drug in the long-term treatment of epilepsy (12) . Recent experiments in 293T, Neuro2A, and teratocarcinoma F9 cells have demonstrated that VPA can directly inhibit HDAC activity and cause hyperacetylation of histones in these cell lines (13, 14) . Furthermore, the HDAC inhibition mediated by VPA has been shown to suppress the growth and increase the differentiation of many different tumor cell lines (12) . In addition to its differentiation effects, VPA has been shown to mediate neuronal protection through the activation of signal transduction pathways, such as the extracellular signal-regulated kinase (ERK) pathway (15) and through the inhibition of proapoptotic factors (16) . Here, we show that VPA induces neural progenitor cells to differentiate predominantly into neurons and that the effects of VPA are mediated, at least in part, by the neurogenic basic helix-loop-helix (bHLH) transcription factor NeuroD.
Materials and Methods
Cell Culture and in Vitro Differentiation Analysis. The hippocampal neural progenitor cells isolated from adult female Fisher 344 rats in this study have been characterized in refs. 17 and 18. Differentiation conditions for neurons, oligodendrocytes, and astrocytes were described in ref. 19 . For VPA-induction experiments, cells were trypsinized and plated into N2 medium containing either 0.3 or 1 mM VPA (Sigma) for 4 days. In some cultures, 10 M BrdUrd (Sigma) was added to label dividing cells, and 1 g͞ml propidium iodide or 1 g͞ml Hoechst 33342 (Sigma) were added to label dead cells or all cells, respectively. Trichostatin A (TSA; 100 nM) (Upstate Biotechnology, Lake Placid, NY) and 1 M sodium butyrate (NaB; Sigma) were added in some cultures as an alternative HDAC inhibitor.
Immunocytochemistry and in Vitro Quantification. Cells were fixed with 4% paraformaldehyde, followed by immunocytochemical staining as described in ref. 20 . Labeled cells were visualized by using a Nikon E800 upright microscope or a Nikon E600 inverted microscope and a Spot RT charge-coupled device camera (Diagnostic Instruments, Sterling Heights, MI). Quantification of cell phenotypes was with StereoInvestigator (MicroBrightfield, Williston, VT). The following primary antibodies were used: rabbit anti-Tuj1 (1:7,500; Covance, Princeton), mouse anti-microtubule-associated proteins 2a and 2b (MAP2ab; 1:250; Sigma); mouse anti-Rip (1:50; Hybridoma Bank, Iowa City, IA); guinea pig anti-glial fibrillary acidic protein (GFAP; 1:2,500; Advanced Immunochemical, Long Beach, CA); rat anti-BrdUrd (1:400; Accurate Chemicals). The detection of BrdUrd in cultured cells required treatment in 2 M HCL at 37°C for 30 min (20) . All experiments were independently replicated at least three times.
Western Blot Analysis. For Western blots detecting changes in histone acetylation, whole-cell lysates were prepared from neural progenitors cultured in undifferentiated conditions [fibroblast growth factor 2 (FGF-2)] or from differentiating conditions [retinoic acid plus forskolin for neurons, insulin-like growth factor 1 (IGF-1) for oligodendrocytes, and leukemia inhibitory factor (LIF) plus bone morphogenetic protein 2 (BMP-2) for astrocytes]. Antibodies recognizing acetylated and total histones H3 and H4 were all from Upstate Biotechnology: rabbit antiacetyl H3 (1:10,000), rabbit anti-acetyl H4 (1:100), mouse antihistone H3 (1:100), and rabbit anti-histone H4 (1:100). Immunoblotting of Akt, ERKs, and signal transducer and activator of transcription 3 (STAT3) were performed as described in ref. 21 . The following antibodies from Cell Signaling Technology (Beverly, MA) were used: rabbit anti-phospho-Akt (1:100), rabbit anti-Akt (1:1000), rabbit anti-phospho-p44 and -p42 ERKs (1:1,000), rabbit anti-p44 and -p42 ERKs (1:1,000), rabbit antiphosphotyrosine-STAT3 (1:500), and mouse anti-STAT3 (1:5000).
Expression Vectors and Neural Progenitor Electroporation. The mouse NeuroD cDNA was cloned into the pMY expression vector (22) containing internal ribosome entry site GFP. Electroporation (Amaxa Biosystems, Gaithersburg, MD) was performed according to the manufacturer's protocol, and cells were plated in N2 plus 20 ng͞ml FGF-2 for 24 h. To induce differentiation, FGF-2 was withdrawn and replaced with fresh N2 media. FBS (0.5%) was included in all differentiation cultures to enhance survival of cells after electroporation. To induce oligodendrocyte-specific differentiation, electroporated cells were directly plated into insulin-free N2 medium plus 500 ng͞ml IGF-1 for 4 days. To induce astrocyte-specific differentiation, 50 ng͞ml LIF plus 50 ng͞ml BMP-2 was added, and the cells were cultured for 4 days.
RT-PCR.
Total RNA was isolated from cell cultures by using RNeasy columns (Qiagen, Valencia, CA). RT-PCR was performed essentially as described in ref. 19 . Primer sequences are available upon request.
VPA Analysis in Vivo. Adult female Fisher 344 rats received two daily i.p. injections of 300 mg͞kg VPA (experimental) or saline (control). VPA was also provided in the drinking water (12 g͞liter) for the experimental group. All rats received one daily i.p. injection of 100 mg͞kg BrdUrd for 6 consecutive days after the first day. After 14 days, animals were killed, perfused with 4% paraformaldehyde, and processed for BrdUrd immunohistochemical staining as described in refs. 17 and 23. The following antibodies were used: rabbit anti-Tuj1 (1:500), guinea pig anti-GFAP (1:1,000), and rat anti-BrdUrd (1:400). Images were acquired by using a Nikon E800 upright microscope equipped with a 10ϫ objective lens and postprocessed in PHOTOSHOP (Adobe Systems, San Jose, CA). All comparative analyses were focused in the subgranular zone (SGZ) of the dentate gyrus on the same side of matched planes of sections in the dorsal hippocampus. For quantification of BrdUrd-positive and BrdUrd͞Tuj1-double positive cells, area counts of the SGZ were performed. In each section, four adjacent fields were sampled, starting from where the upper and lower blades meet.
Results

HDAC Inhibition Induces Neuronal Differentiation.
Adult hippocampal neural progenitors were used in this study as a model system to elucidate molecular mechanisms that control fate determination. These cells fulfill the definition of multipotent neural progenitor cells: They self-renew when cultured with basic FGF-2 and can differentiate into neurons, oligodendrocytes, and astrocytes after stimulation with exogenous factors (retinoic acid plus forskolin for neurons, IGF-1 for oligodendrocytes, and LIF plus BMP-2 for astrocytes) (see Fig. 6 , which is published as supporting information on the PNAS web site) (17) (18) (19) .
To evaluate the functional significance of histone acetylation and deacetylation during multipotent neural progenitor proliferation and differentiation, cell behavior was monitored in the presence of the HDAC inhibitor VPA. Neural progenitors were plated in N2 media with 20 ng͞ml FGF-2 for 24 h before switching to fresh N2 medium with or without 1 mM VPA for 4 days (Fig. 1 ). Lineage-specific differentiation was monitored with markers of neurons (Tuj1 or MAP2ab), oligodendrocytes (Rip), and astrocytes (GFAP). Surprisingly, instead of seeing nonspecific effects on gene expression leading to mixed differentiation of all lineages by VPA treatment, we saw a large increase in Tuj1-and MAP2ab-positive neurons in VPA-treated cultures ( Fig. 1 A and D) . The percentage of Tuj1-and MAP2ab-positive neurons was low (Ͻ1%) in control cultures ( Fig. 1 A and  D) . The presence of oligodendrocytes and astrocytes was not detectable in control or VPA-treated cultures (data not shown). Neuronal differentiation by VPA appeared to be dosedependent (Fig. 1D) ; however, because higher VPA concentrations (Ͼ3 mM) resulted in increased cell death, we performed our remaining studies by using concentrations that favored maximal differentiation and minimal toxicity (1 mM VPA; see 1D ). Neural progenitors were also treated with 100 nM TSA and 1 M NaB, two different HDAC inhibitors that also promoted neuronal differentiation ( Fig. 1 A and D) . Because of the higher toxicity of TSA and NaB in neural progenitor cultures, these experiments were carried out for only 2 days.
To verify that VPA, TSA, and NaB were acting as HDAC inhibitors in neural progenitors, we stained control and treated cultures with an antibody specific for acetylated histone H3. Neural progenitors treated with HDAC inhibitors showed increased levels of acetylated histone H3 in the nucleus, compared with untreated neural progenitors (control), suggesting that the increase in neuronal differentiation by VPA, TSA, and NaB was associated with a decrease in HDAC activity (Fig. 1B) .
To evaluate the effect of HDAC inhibitors on neural progenitor proliferation, neural progenitors in the presence of N2 plus FGF-2 (20 ng͞ml) were treated with either VPA, TSA, or NaB or left untreated for 24 h and labeled with 10 M BrdUrd for 1 h (Fig. 1 C and E) . We observed a dramatic decrease in the percentage of BrdUrd-positive cells in each HDAC inhibitortreated condition. Approximately 50% of the cells in control cultures were BrdUrd-positive, compared to Ϸ20% of the cells being BrdUrd-positive in VPA-treated cultures (Fig. 1E) . TSA and NaB also dramatically reduced neural progenitor proliferation (from 50% in control cultures to 8% in treated cultures).
Although the effects of HDAC inhibition in neural progenitors appears mainly to be through a reduction of proliferation and an increase in neuronal differentiation, HDAC inhibitors have also been shown to induce apoptosis (24, 25) . We therefore evaluated the degree of cell death in neural progenitor cells by staining living cultures with 1 g͞ml propidium iodide, which stains dead cells, and 1 g͞ml Hoechst 33342, which stains live and dead cells. Staining of live (rather than fixed) cultures was used to avoid underestimating cell death because of the possible detachment of dying and͞or dead cells from culture substrates. Neural progenitor cells treated with 1 mM VPA for 2 days resulted in 7.0 Ϯ 0.1% dead cells, with 25.9% MAP2ab-positive neurons. Cells treated with a lower dose of VPA (0.3 mM) for 2 days resulted in 4.5 Ϯ 1.6% dead cells, which is only slightly higher than the amount of cell death in untreated control cultures (2.0 Ϯ 0.1% dead cells). Even with the lower dose of VPA when cell death was minimal, there was still evidence of neuronal differentiation (6.9% MAP2ab-positive cells), suggesting that a selective death of a subset of committed progenitors or nonneuronal cells does not appear to have a significant role in the increased neuronal differentiation with VPA treatment.
Neuronal Lineage Progression Is Associated with Maintenance of
Histone Acetylation. To determine whether changes in histone acetylation occur during CNS lineage progression, we compared neural progenitors that had differentiated into neurons, oligodendrocytes, and astrocytes with undifferentiated cells ( Fig. 2 ; see Fig. 6 for each differentiation condition) (19) . To detect changes in histone acetylation, protein extracts were harvested from neural progenitors and analyzed by Western blot analysis with antibodies specific for acetylated histones H3 and H4. We detected an abundance of acetylated histones H3 and H4 in extracts of undifferentiated neural progenitors. Interestingly, the level of acetylated histone H3 and H4 was still relatively high in neuronal extracts as compared with undifferentiated extracts, suggesting that there is less deacetylation during neuronal lineage progression. However, there appeared to be less histone H3 and H4 acetylation in astrocyte and oligodendrocyte extracts, suggesting that there is more deacetylation during astrocyte and oligodendrocyte lineage progression compared with neuronal lineage progression (Fig. 2) . To exclude the possibility that the changes in histone acetylation observed during CNS lineage progression were due to changes in overall histone levels, we also performed Western blot analysis with antibodies against total histones. As shown in Fig. 2 , the steady-state levels of histones H3 and H4 did not change significantly under various conditions. The observations that VPA treatment increased neuronal differentiation and that the level of acetylated histones was higher in neurons compared with oligodendocytes and astrocytes suggested that histone acetylation is important for neuronal lineage progression of adult multipotent neural progenitor cells. The partial reduction of acetylated histones H3 and H4 in oligodendrocyte and astrocyte extracts suggested that the maintenance of histone acetylation is less important in nonneuronal cells; in fact, there is evidence that recruitment of HDAC activity by the transcriptional regulator NRSF͞REST is important to repress the promoter of neuron-specific genes in nonneuronal cells (7, 8, 26) . In addition, recent work suggests that histone deacetylase activity is important for oligodendrocyte lineage progression (27) .
VPA Actively Suppresses Oligodendrocyte and Astrocyte Differentiation While Promoting Neuronal Differentiation. The decreased histone acetylation in oligodendrocytes and astrocytes suggests that histone deacetylation is important for oligodendrocyte and astrocyte differentiation. To directly test this hypothesis, we induced oligodendrocyte and astrocyte differentiation of neural progenitors in the presence or absence of VPA. IGF-1 (500 ng͞ml) induced neural progenitors to differentiate into Rippositive oligodendrocytes with characteristic web-like processes (Fig. 3) (19) . Addition of VPA to IGF-1-treated cultures dramatically reduced the percentage of Rip-positive cells. Intriguingly, the percentage of Tuj1-positive neurons increased in IGF-1-treated cultures when VPA was added. As was seen with neural progenitors that differentiated into astrocytes with 50 ng͞ml LIF plus 50 ng͞ml BMP-2 (28), addition of VPA reduced the number of GFAP-positive astrocytes and increased the number of Tuj1-positive neurons (Fig. 3) . Taken together, these results suggest that histone deacetylation is important for both oligodendrocyte and astrocyte lineage progression, and increased histone acetylation is associated with neuronal lineage progression.
Up-Regulation of HDAC-Dependent, Neuron-Specific Genes After VPA Treatment. The protein NRSF͞REST binds to the neuronrestrictive silencer element sequence to mediate transcriptional repression of target genes by the recruitment and association at its N terminus of the mSin3A͞HDAC1,2 complex (8, 26) . Recent work examined the role of HDAC-dependent repression of neuron-restrictive silencer element-containing, neuron-specific genes and showed that treatment of Rat-1 fibroblasts with the HDAC inhibitor TSA resulted in the ectopic activation of a number of neuron-specific genes (29) . We therefore performed RT-PCR analysis of HDAC-dependent, neuron-specific genes after VPA treatment (Fig. 4A) . We could detect an up-regulation of NeuroD, SCG10, and Synapsin I as early as 3 h and at 24 h after VPA treatment. GAPDH levels did not change after VPA treatment and was used as an internal control.
The molecular basis of the reduced proliferation in VPAtreated neural progenitor cells was also examined. Cell cycle regulators, such as cyclin-dependent kinase (CDK) inhibitors, have been shown to be important for the antiproliferative effects of HDAC inhibitors (30, 31) . Consistent with this finding, we found that there was increased expression of CDK inhibitors p21 WAF1/CIP1 and p27 KIP1 in neural progenitors after VPA treatment (data not shown). These results suggest that neuronal differentiation mediated by VPA involves an up-regulation of both neuron-specific genes and CDK inhibitors to reduce cell proliferation and promote neuronal fate commitment.
It was recently reported that VPA could phosphorylate and activate ERKs 1 and 2, resulting in the differentiation of E18 cortical neurons (32) . To determine whether VPA-mediated neuronal differentiation in adult hippocampal neural progenitors was directly caused by the activation of the ERK pathway, we performed a Western blot time-course analysis. Although we did not see ERK activation by VPA after 1 h (Fig. 7 and Supporting Text, which are published as supporting information on the PNAS web site), we decided to carry out the experiment for longer time points. Neural progenitor cells were treated with 1 mM VPA, 1 mM valpromide (a VPA analog that is not a HDAC inhibitor, but is also an antiepileptic), and 100 nM TSA for the indicated times (0, 10, and 30 min and 2, 6, and 24 h) and extracts were collected for Western blots (Fig. 4B) . Although neural progenitors treated with VPA did not show an increase in ERK activation at the earlier time points, there was ERK activation by 24 h. Interestingly, we did not observe ERK activation with TSA or valpromide. To determine whether ERK activation by VPA at 24 h was necessary to trigger neuronal fate commitment, we decided to block ERK activation with an inhibitor of mitogen-activated protein kinase kinase 1͞2 (U0126), which is the upstream kinase that phosphorylates ERKs. Cells were pretreated with control (DMEM͞F12 media) or 0.1-50 M U0126 for 2 h and treated with or without 1 mM VPA for 24 h (Fig. 4C) . We found that 1 M U0126 was sufficient to block the ERK activation by VPA at 24 h. We next examined whether neuronal fate commitment mediated by VPA, as evidenced by an up-regulation of the bHLH transcription factor NeuroD, could still occur, even when ERK activation was blocked. Cells were pretreated with 1 M U0126 for 2 h before adding 1 mM VPA for 3 or 24 h (Fig. 4D) . RT-PCR analysis confirmed that there was up-regulation of NeuroD after VPA treatment at 3 h, with even higher levels at 24 h (compared with untreated cells). More importantly, blocking ERK activation did not appear to inhibit the VPA-mediated up-regulation of NeuroD, suggesting that ERK activation was not necessary to trigger neuronal differentiation.
The Mechanism of VPA-Mediated Neuronal Differentiation Is Associated with the Activation of NeuroD. Among the HDAC-dependent neuron-specific genes that became up-regulated with VPA treatment, NeuroD was the best candidate for triggering neuronal fate commitment and promoting differentiation. Strikingly, mice deficient for NeuroD completely lack the dentate gyrus granule cell layer, supporting the role of NeuroD in the proliferation, differentiation, and survival of granule cells in the hippocampus (33, 34) . We therefore examined whether forced expression of NeuroD alone could have effects on neuronal differentiation (Fig. 8 , which is published as supporting information on the PNAS web site). We found that neural progenitors overexpressing NeuroD differentiated into Ͼ75% Tuj1-positive and MAP2ab-positive neurons, respectively, and reduced their ability to differentiate into oligodendrocytes and astrocytes under appropriate conditions (Fig. 8) . These results suggest that NeuroD by itself can recapitulate many of the effects of VPA and is sufficient to induce neuronal differentiation of adult multipotent neural progenitor cells.
VPA-Mediated Neuronal Differentiation in Vivo.
Our findings raise the question of whether the effects of VPA on adult hippocampal neural progenitors in vitro are related to the clinical indications of VPA as an antiepileptic in vivo. Pilocarpine-induced status epilepticus increases cell proliferation in the SGZ of the adult dentate gyrus (35) . Prolonged seizure activity has also been shown to markedly increase dentate granule cell neurogenesis (35) . To examine the potential effects of VPA on dentate granule cell proliferation and neurogenesis, we injected adult rats with VPA for a total of 14 days, while including a 6-day BrdUrd regimen to label dividing cells (Fig. 5A) . Consistent with previous studies (35) , BrdUrd immunohistochemistry in salineinjected rats (controls, n ϭ 4) labeled mitotically active cells mostly located in the SGZ of the dentate gyrus (Fig. 5B, white  arrows) . In contrast, VPA-injected rats (n ϭ 6) showed a marked reduction in BrdUrd incorporation in the SGZ (Fig. 5B, white  arrows) . No obvious differences in BrdUrd immunostaining were observed in the hilar region or the molecular layer of the dentate gyrus. Quantitative analysis of BrdUrd labeling within the SGZ revealed a significant decrease (Ϸ2-fold) (P Ͻ 0.001, t test) in the number of dividing cells in VPA-injected rats compared with controls (Fig. 5C) . The VPA-mediated decrease in granule cell proliferation within the SGZ is consistent with the effects of VPA in decreasing proliferation of neural progenitors in vitro.
We next examined the fate of dividing cells in the SGZ by assessing colocalization of BrdUrd with lineage-specific markers (Tuj1 for neurons and GFAP for astrocytes) (Fig. 5D) . In control animals, Ϸ60% of the BrdUrd-positive cells were also Tuj1-positive. There was a significant increase (from 60% to 80%) in the percentage of BrdUrd-positive cells that were Tuj1-positive in VPA-treated animals (P Ͻ 0.05, t test), suggesting that VPA can mediate an increase in neuronal differentiation in vivo as well. The percentage of BrdUrd-positive cells that were also GFAP-positive was relatively low (Ϸ1%) in control animals and did not significantly change compared with VPA-treated animals (data not shown). These results support the ability of VPA to decrease neural progenitor proliferation and increase neuronal differentiation in vivo as well as in vitro.
Discussion
In this series of experiments, we used a well established model system of adult multipotent neural progenitor cells to investigate the connection between global histone acetylation and neural cell fate specification. When cells are cultured in the presence of HDAC inhibitors, such as VPA, TSA, or NaB, neural progenitors reduced their proliferation and largely differentiated into neurons. These findings were also confirmed in our in vivo experiments. When neural progenitors were treated with conditions that promoted astrocyte and oligodendrocyte differentiation, VPA actively suppressed differentiation into astrocytes and oligodendrocytes while promoting differentiation into neurons. Analysis of the mechanism of VPA-mediated neuronal differentiation revealed an up-regulation of the neurogenic bHLH transcription factor NeuroD in VPA-treated cultures. Furthermore, overexpression of NeuroD alone in neural progenitors could recapitulate the effects of VPA.
We and others have previously shown that IGF-1 induces oligodendrocyte differentiation (19) and LIF induces astrocyte differentiation (36, 37) . The VPA-mediated suppression of oligodendrocyte and astrocyte differentiation could be due to an inhibition of IGF-1 and LIF signal transduction pathways. Two of the major downstream mediators of IGF-1 signaling are the phosphoinositide 3-kinase͞Akt and Ras͞ERK pathways (38, 39) , and the major downstream mediator of LIF signaling is the Janus tyrosine kinase͞STAT pathway (36, 37) . First, we did not detect an activation of Akt͞ERKs or STAT3 with VPA treatment alone, at least within 1 h (see Fig. 7 ). Second, the activation status of Akt͞ERKs or STAT3 after IGF-1 or LIF stimulation did not change in VPA-treated cultures compared with control cultures. This finding suggests that the VPA-mediated neuronal differentiation and suppression of glial differentiation was not due to a direct activation or inhibition, respectively, of these signaling molecules and point to another mechanism of VPA action.
Recently, Hao et al. (32) described the effects of VPA on the activation of the ERK pathway in E18 cortical neurons. In their assay system, VPA promoted neurite growth and cell reemergence in an ERK pathway-dependent manner. Although we were unable to detect an activation of ERKs within 1 h, we did observe ERK activation by VPA after 24 h. However, when we blocked ERK activation with U0126, we were still able to detect an up-regulation of NeuroD (at 3 and 24 h), suggesting that neuronal fate commitment triggered by VPA is not directly due to an activation of the ERK pathway. Furthermore, the observation that TSA was not able to activate ERKs but was able to up-regulate NeuroD (data not shown) and promote neuronal differentiation further confirmed that direct activation of the ERK pathway is not solely responsible for neuronal differentiation of adult neural progenitor cells.
An alternative mechanism of the neuron-promoting effect of VPA could be the direct activation of neurogenic transcription factors. Our work indicates that VPA treatment up-regulates NeuroD in neural progenitor cells, suggesting that VPA could, in fact, induce neuronal differentiation through the transcriptional activation of neurogenic transcription factors. Lunyak et al. (29) showed that the expression of NeuroD and of other neuronspecific genes is regulated by the HDAC-dependent transcriptional repressor NRSF͞REST. Further examination of other neuron-specific genes, such as Synapsin I and SCG10, showed that each had increased gene expression after VPA treatment, consistent with previous reports (29) . In addition to upregulating NRSF͞REST-regulated neuron-specific genes, VPA up-regulates neuronal markers, such as Tuj1 and MAP2ab, which are not direct targets of NRSF͞REST. This finding suggests that the mechanism of VPA-mediated neuronal differentiation is not solely due to a direct release of NRSF͞REST repression of neuron-specific genes and that VPA must activate factors important for neuronal lineage progression. The observation that forced expression of NeuroD alone can promote neuronal differentiation indicates that VPA may exert its effects through the activation of NeuroD. More studies are needed to determine whether the up-regulation of NeuroD after VPA treatment is merely correlative or whether there is a causal relationship between the VPA-mediated neuronal differentiation and neurogenic bHLH transcription factors.
Adult multipotent neural progenitor cells need to choose between self-renewal and differentiation into neurons, oligodendrocytes, or astrocytes. We hypothesized that chromatin modification plays an important role in these stem cell decisions because of its ability to control the simultaneous expression of many genes. The observation that VPA can have a profound effect on promoting neuronal differentiation and suppressing glial differentiation suggests that the maintenance of the acetylated state, revealed by HDAC inhibition, may have global and dominant effects on neuronal lineage progression.
Examination of total acetylated histones H3 and H4 in neural progenitor extracts under various conditions revealed that histone acetylation levels were highest in the undifferentiated state. Interestingly, among the differentiation conditions examined, acetylated histone levels were higher in neuronal extracts relative to astrocytic extracts. The level of acetylated histones in oligodendrocytic extracts was always intermediate to that of neurons and astrocytes, possibly because of a partial requirement of histone acetylation for oligodendrocyte lineage progression or the presence of neurons in oligodendrocyte cultures. In fact, a previous study showed that treatment of neural progenitors with IGF-1 (the oligodendrocyte-promoting condition) can also result in a low percentage of Tuj1-positive neurons (Fig. 6) (19) . These results support the idea that there are global changes in chromatin states underlying differences in adult multipotent neural progenitor differentiation. Does acetylation of chromatin selectively activate specific master control genes, such as NeuroD, that go on to trigger downstream genes important for neuronal differentiation, or does NeuroD itself possess the ability to regulate global chromatin-based events, such as the maintenance of histone acetylation? Future studies are needed to determine the precise order and relationship of chromatin modification and the regulation of gene expression in the control of adult multipotent neural progenitor cell fate specification.
